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PreviewsSignaling and Endocytosis:
A Team Effort for Cell Migration
Cellular movement from one place to another is regu-
lated by various guidance cues. The precise percep-
tion of these signals in the three-dimensional envi-
ronment of a multicellular organism is remarkably
complex. Recent work is now revealing that guided
cell movement also requires spatial control of signal-
ing events by endocytic dynamics.
Cellular behavior in multicellular organisms is con-
trolled by a large number of extracellular ligands that
interact with their transmembrane receptors, which in
turn regulate intracellular signaling networks. In parallel
with activation of cell signaling, receptors often enter
the cell via receptor-mediated endocytosis, which con-
sists of a series of cell-surface events that coordinate
signaling with internalization (Le Roy and Wrana, 2005).
Directed cell migration is an example of a remarkably
complex cell behavior. In multicellular organisms it is
tightly regulated in time and space, such that the right
cells are instructed on how to reach their final destina-
tions, where they can build complex tissues and per-
form specialized functions.
Directed migration requires cells to properly polarize
in the direction of travel typically in response to extra-
cellular cues. For example, directed cell migration in
mammalian astrocytes involves engagement of integrin
receptors at the front edge that in turn regulates the
polarity complex (Etienne-Manneville and Hall, 2001).
This orients the cell, directs protrusive activity toward
the leading edge and thus plays a key role in directed
movement. It is not surprising therefore, that this pro-
cess involves spatial restriction of the activation of cell
signaling pathways.
In Drosophila, the ovary is composed of an anterior
follicular epithelium that contains a group of border
cells that invade into the underlying tissue and move
directly toward the oocyte. These border cells express
the receptor tyrosine kinases EGFR and PVR, the Dro-
sophila homologs of the Epidermal Growth Factor Re-
ceptor and PDGF/VEGF Receptor, respectively. These
RTKs are required for guiding the border cells to the
oocyte and respond to guidance signals that are pro-
duced and secreted by the oocyte. Thus, border-cell
migration provides an excellent model of directional
cell migration during animal development. In the cur-
rent paper from Pernille Rorth’s group in this issue of
Developmental Cell, Jékely et al. now report on how
trafficking of EGFR and PVR is critical for their function
during directed migration of border cells (Jékely et al.,
2005). Surprisingly, they find that the correct spatial lo-
calization of these activated RTKs is achieved by the
intervention of Cbl and Sprint, two proteins that play a
key role in endocytosis.
In higher eukaryotic cells, endocytosis allows the in-
ternalization of cell-surface molecules into internal
membrane compartments by both clathrin-dependentand -independent pathways (Le Roy and Wrana, 2005).
Clathrin-mediated endocytosis delivers plasma mem-
brane proteins that have accumulated in clathrin-
coated pits into clathrin-coated vesicles and then early
endosomes. The regulated internalization of this so-
called membrane cargo is mediated by adaptor proteins,
which serve to link the cargo to clathrin. Once internalized
into early endosomes, traditional models hold that recep-
tors such as RTKs, are then sorted and either recycled
back to the plasma membrane, or are degraded in the
late endosome/lysosome. Cbl, a RING finger E3 ubiquitin
ligase, is one important adaptor in RTK trafficking that
persistently binds to activated receptor to control its
trafficking through the endosomal system. At the cell sur-
face, Cbl interacts with a protein complex called CIN85/
endophilin, which regulates the fission of the clathrin-
coated buds from the plasma membrane. Inside the
cell, Cbl further contributes to the fate of activated RTKs
by inducing ubiquitin-dependent lysosomal degrada-
tion (Waterman et al., 2002). This degradative route also
involves the FYVE-domain-containing protein, Hrs, which
can recognize ubiquitinated receptors and direct them
to the late endosome/lysosomal system. This pathway
is thereby traditionally thought to terminate RTK sig-
naling.
Jékely and colleagues (2005) now report that border
cells with a mutation in Cbl show severe migration de-
fects. Although Cbl mutant cells partially initiate their
migration, most of them never make it to the oocyte,
and Cbl with a mutant RING finger similarly is unable
to support migration. Because the RING finger of c-Cbl
is critical for receptor ubiquitination, endocytic sorting,
and desensitization of signal transduction (Waterman
et al., 1999), these results suggest that Cbl-dependent
endocytosis is required for cell migration. Based on the
generally accepted model, this would implicate a role
for downregulating active receptor complexes. Consis-
tent with this, the migration defect observed in Cbl mu-
tant border cells was amplified by overexpressing RTKs
and was rescued by decreasing the levels of EGFR li-
gand. Paradoxically however, Cbl mutant border cells
did not accumulate RTK protein levels and in fact had
only a modest increase in overall signaling, arguing
against Cbl simply downregulating active receptors.
The surprise came when the group looked more closely
at endogenous RTK activity. Here they observed that
Cbl mutant border cells showed a loss of localized
phospho-tyrosine signaling at the cellular front side—
that is, the side facing the direction of the migration
and the source of ligands. This suggested an alterna-
tive model, that Cbl functions to maintain the proper
localization of RTK signaling at the front edge of the
cell. Furthermore, because the migration defect in Cbl
mutant border cells was incomplete, it strongly sug-
gested to the authors that another protein could com-
pensate for the loss of Cbl. Indeed, the authors went
on to demonstrate that Sprint (a homolog of mamma-
lian RIN1), which also binds activated EGFR and can
stimulate its internalization, synergizes with Cbl at the
front of the border cells to keep RTK signaling localized
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168for accurate guidance. The model was further corrobo- t
rated by the observation that border cells overexpress- e
ing a mutant form of PVR, which is able to signal but g
cannot bind Cbl or Sprint, also display defective mi- c
gration. s
In mammalian cells, dynamin functions in endocyto- d
sis by pinching off the vesicle from the membrane. Per- t
turbing the “pinchase” activity of this protein results in (
the absence of internalization through the clathrin and t
the non-clathrin endocytic pathways of a large number c
of molecules. Interestingly, in border cells, a dominant- t
negative form of Shibire (dynamin) also induced delo- c
calization of the phospho-tyrosine signal, demonstrat- c
ing that RTK internalization is required to restrict RTK
signaling and maintain directed movement. Also, as in C
other cells, Hrs in border cells plays a role in the bio- C
genesis of degradative endosomes and is required for D
RTK downregulation. Importantly, mutation of Hrs in U
border cells led to increased RTK signaling from endo- S
somes as expected but did not interfere with cell migra-
M
tion. Thus, the correct localization of RTK-containing
T
endosomes, not control of the absolute magnitude of
Cthe signal, is the critical Cbl-mediated event.
The importance of the Jékely work lies in the intimate
relationship that is revealed among endosome dy- S
namics, cell signaling, and directed cell movement.
Previous ideas of endocytosis suggested that recep- J
tors were simply cargo on a pathway that operated in- t
dependently to traffic them to defined locations in the L
cell. Receptors therefore either recycled back to the 1
cell surface to allow continued response to extracellu- E
lar cues or were driven into the lysosome for degrada- W
tion. However, early endosomes can themselves con- A
tribute to efficient signal transduction by controlling W
access of receptors to specific substrates (Di Gug- C
lielmo et al., 1994; Teis et al., 2002; Miaczynska et al., D
2004). Thus, the endosome is emerging as a key plat- g
form from which efficient receptor signaling can pro- T
ceed, and as a signaling center, it provides a special 8
place in the cell that is protected from the outside envi- M
ronment. However, the Jékely et al. article now sug- w
gests that endosomes also play a critical role in con- i
trolling the spatial localization of signaling receptors P
Kwithin the cell. This likely occurs via interplay betweenhe receptor signaling systems and those controlling
ndosome dynamics. Indeed, in a recent systematic
enome-wide screen of human kinases that regulate
lathrin and caveolae/raft endocytic pathways, many
ignal-transduction kinases were shown to control en-
ocytosis. This reinforces the tight link that exists be-
ween endosome dynamics and signaling pathways
Pelkmans et al., 2005) and further supports the notion
hat endosomes are themselves regulated by the very
argo they carry. Unraveling how endosome dynamics,
heir location, and their rate of trafficking are linked to
ell-signaling networks promises to provide many ex-
iting surprises in the future.
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